Abstract-An artificial olfactory system (or "electronic nose") has been developed to investigate the interactions between polymer-modified sensors with odorant vapors from the headspace of primary alcohol samples. Complementary pairs of polymer-coated quartz crystal microbalance sensors and polymer/carbon black-coated microresistance sensors have been used to produce a characteristic value for the odorants (S fr ), related to the odorant molecular density, which can be used in electronic nose applications for odor discrimination. An application specific integrated circuit (ASIC) is also described which controls and collects data from the quartz crystal microbalance-based sensors, enabling the future development of a hand-held/miniaturized detection system utilizing these types of sensor.
I. Introduction
Traditionally, chemical sensors have relied upon interactions with a specific target analyte (commonly via a chemical reaction), a technique that in olfactory sensing is described by the static theory of olfaction [1] , [2] . However, this requires an individual sensor to be developed for each odorant under study. In the case of an irreversible chemical reaction, such a sensor must be disposable. In an "electronic nose", which may be required to detect many different, individual odorants or to detect odors consisting of a number of component analytes, these demands would be impractical. As a consequence, electronic nose sensor arrays have been developed based upon a principle similar to that of the human olfactory system [3] , employing a combinatorial approach to odor detection [4] . Such systems are designed to incorporate a degree of chemical diversity into each of the recognition elements on the array, so that each sensor responds in a characteristic way to a cross-section of possible odorants. Library spectra are collected from standard (known) samples are then used to train the sensor array. The responses from the nose sensors to unknown analytes are then related to the library spectra using a variety of pattern recognition techniques, such as principal component analysis (PCA) [5] , artificial neural networks [6] and genetic algorithms [7] , for odor detection, discrimination and quantification.
A number of different sensing methods have been used in the design of electronic nose systems [8] . In our work, we use complementary pairs of odor sensors incorporating polymer coatings as the recognition elements for the detection of headspace alcohol vapors: namely, piezo-electric quartz crystal microbalances (QCMs) and micro-resistors (R) sensors. The polymer coating on the R sensor in each case contained dispersed carbon black particles. The large number of possible polymer configurations (both natural and synthetic) available as the sensing layer fulfills the prerequisite diversity, required within the sensor array. In addition, the relatively low cost of the materials used means that the sensor can be disposable, if required.
R sensors, incorporating carbon black particles were first used to discriminate between odorant vapors using PCA analysis over a decade ago [9] , producing results which qualitatively agreed with percolation theory and which have been shown to be sufficiently sensitive to steric and other factors, to be able to discriminate between primary, secondary and tertiary alcohols [10] . Recently, R sensors have been developed with enhanced sensitivity [11] and used to qualitatively identify odors to which the detection system has not previously been exposed [12] . Other sensing formats have been described which can be readily interfaced with microelectronics, such as the FET [13] and the QCM [14, 15] . The latter, QCM-based odor sensors have been used within sensor arrays for odor discrimination in a number of applications and are now being developed for odor visualization via an olfactory "video camera" [14, 15, 16] . A recent review article describes in further detail the background to electronic nose technology and details future perspectives for the field of artificial olfaction [17] .
In this paper we now extend our original concept of using pairs of complementary R and QCM sensors to measure changes in mass and volume, in response to different odorants [18] . By measuring the ratio of the two responses we produce a characteristic value, Sfr, which is directly related, via the mass and volume of odor, to its molecular density. Such a two-sensor system has the advantage that it is simple to monitor whether or not deviations occur in the response of one type of sensor. This is shown when we implement the system to detect a series of primary alcohols.
II. Experimental
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A. Olfactory apparatus
The apparatus consisted of a gas pumping system, a detector flow cell (containing the odor sensors) and detector electronics interfaced to a controlling personal computer. A syringe pump (74900 series dual syringe pump, Cole-Parmer Instrument Co., USA), in conjunction with a pulley system (designed and built inhouse), allowed alternate pumping of two 25 mL gas-tight syringes (SGE International Pty. Ltd., Australia) which passed a continuous stream of odorant gas over the sensors. The polymers used as the sensor coatings were used as supplied (Aldrich Chemical Co., UK) and are given in Table I . A 10% v/v solution of each polymer was prepared (50 ml), diluted as required, and then separated into two equal aliquots. Carbon black was added to one of the aliquots, to produce an 80% polymer / 20% carbon black (w/w) solution, which was then alternately sonicated and shaken for up to 2 hours to produce a well-dispersed carbon black suspension. The aliquot containing native polymer coating was spin cast (7000 rpm for 30 s) onto the QCMs whilst the same polymer coating, containing dispersed carbon black particles (Black Pearls 2000, Cabot
Corp., USA) was applied to the conductimetric electrodes, under the same conditions (7000 rpm for 30 s). The thickness of the polymer films, also shown in Table I , was measured either using a Dektak surface profilometer or by white light interferometry, using calibration standards (Wyco Ltd., USA).
Differences in the thicknesses of the polymers on each pair of sensors could be attributed to different adhesion abilities of the polymer on the sensor surface, to the presence of the carbon black in the polymer matrix on the R sensors, or to the solution viscosity (all polymer solutions were spun down at the same spin speed regardless of Co., UK), depending on the solubility of the polymer.
Exposure of the sensors to the headspace of primary alcohols, methanol, ethanol, propanol, butanol, pentanol, heptanol, octanol, and decanol (C n H 2n+1 OH where n = 1-8 and 10, all HPLC grade, Aldrich Chemical Co., UK), at room temperature, used the following procedure. The detector cell, flow lines and syringes were initially purged using dry nitrogen gas. The odorant sample (~0.01 ml) was placed into the static headspace bottle (25 ml) and was allowed to come into equilibrium for 2 minutes, while the alcohol evaporated. For the alcohols used in the experiments, this produces (calculated) concentrations of between 315 and 332 ppm within the sample headspace bottle. The headspace was then moved across the sensors using a flow rate of 60 mL min -1 , allowing enough time for the sensors to produce steady-state values for R ( at the R sensors) and f (at the QCM electrodes). The flow rate was set by the syringe pump, which was calibrated for the syringes used. The flow system was again purged using nitrogen prior to introduction of the next sample. Measurements were taken to examine the response of a single pair of PE-co-VA sensors to increasing relative molecular mass (RMM) and concentration of alcohol vapors, and to examine the response of 7 different sensor pairs to vapor introduction. In all cases, baseline values were recorded in order to produce differential values for both the frequency and the resistance.
C. QCM interface electronics
In addition to integrating the QCM sensors within the odor sensing system, we have also sought to miniaturize the associated electronics so that the overall sensor system has a small form-factor. The specification of the QCM system was such that it was possible to acquire data at a rate of 10 samples s -1 , to a resolution of 1 Hz and precision of ±1 Hz, at a nominal 10 MHz frequency. In order to achieve this, we have implemented the architecture shown in Fig. 1b , in a custom-designed ApplicationSpecific Integrated Circuit (ASIC). We have recently provided a complete description of the digital QCM interface electronics [19] .
III. Results
A typical plot of the conductance, G, and susceptance, B, of an unloaded 10
MHz QCM is shown in Fig. 2a . In this case, the data was measured at 10 Hz intervals between 9.997 and 10 MHz. Expanding the measurement range, between 5 Hz and 13
MHz using logarithmic data sampling of the frequency, and revealed that the susceptance has an underlying element which increased as the measurement frequency increased (inset Fig. 2b ). This effect was small when compared to the peak in the susceptance near to the resonance frequency, f 0 , but it was significant when modeling the susceptance data. Coating the QCM with polymer caused a shift in f 0 (plotted as -f)
away from that of the corresponding unloaded QCM (Fig. 2b) . The resonance peak maximum moved to lower frequencies, and the peak becomes smaller and broader, as the mass of the deposited polymer increased. Fig. 3 presents the data for a pair of PE-co-VA QCM and R sensors exposed to the primary alcohols (C n H 2n+1 OH where n = 1 to 8 and 10). Fig. 3a presents the raw data and shows f 0 decreased for the QCM sensors, whereas the value for the resistance of the R sensors increased (R) after exposure to each of the odorant headspace vapors. The odorants were introduced between the points A and B until the signal reached a plateau.
The signal oscillated due to the pumping method; one pumping cycle taking ~40 s. The signal is allowed time to return to the baseline before the next odorant was added. In Fig. 3b , the raw data extrapolated at the peaks in Fig. 3a , due to the introduction of the odorants, was averaged over 100 seconds (1000 points) and f and R were measured as the difference in the respective values from the baseline to the plateau in the signal (where the vapor entering and leaving the polymeric matrix of the sensor had reached equilibrium). 
IV Discussion
The Butterworth van Dyke (BVD) model for a QCM resonator is depicted in Fig.   2b (inset) [20] . The impedance, Z, of the circuit can be produced in a similar method to that used by Taylor et al. [21] , [22] , and can be related to the conductance, G, and the susceptance, B, via the admittance, Y, to give, (1) and (2) can be used to produce values of r, c, c 0 and l, using the data in Fig 3 (Table 2 ).
As the QCM is loaded with polymer, the equivalent circuit components change, as shown by the arrows in Fig. 2a . The QCM sensor responds to an increase in mass deposited on the crystal surface (e.g. by adsorption of odorant molecules on the QCM surface) by a change in the crystal resonant frequency [23] , described by the Sauerbrey equation [24] . Although the polymer films used here were "viscoelastic", the sensors reveal excellent discriminatory abilities for the odorants used in this work.
The R sensors respond via swelling of the polymer coating upon absorption to an odorant vapor. The carbon black particles allow a conducting pathway for electrons through the insulating polymers. Swelling causes an increase in the separation between carbon black particles in the polymer matrix and consequently causes an increase in the electrical resistance of the sensor. Such carbon black-based R sensors are believed to conduct via percolation theory [8] . Fig. 3 shows that, for both the QCM and µR sensors, the increase in RMM of the polymer causes a change in -f and R, respectively, for the nine alcohols investigated here. However, as can be seen, both the sensors responded in the same way to the increasing RMM of the alcohols, albeit in a non-linear fashion on proceeding from respectively, and is found as the odourants are first introduced into the system. The fast sampling times of the electronics allows such rapid increases in signal to be detected.
The data for the introduction of ethanol (Fig. 5) shows clearly different sensing mechanisms upon the introduction of the odorant. Comparison of the magnitude of the response of the sensors with the thickness of the polymer film in each case suggested that the response of the QCM sensors was linked to the polymer thickness, whereas that of the R sensors was independent of thickness. This may be expected because, for the QCM sensors, the mass of odorant that the polymer film can adsorb is directly dependent on the volume of the polymer matrix, whereas the response from the R sensors is dependent on the concentration of carbon black particles contained within the matrix.
A ratio (S fr ) of the decrease in frequency of the QCM sensors with respect to the change in resistance in the R sensors can be seen to be a representation of the density of the odorant being investigated [18] . As R/R 0 is proportional to a change in volume [9] and f/f c is proportional to a change in mass [18] then,
where, R and f are the resistance and frequency changes respectively upon exposure to an odorant. R 0 is the baseline resistance of the R sensor, f c is the resonant frequency shift of the QCM upon coating it with polymer and  o is the liquid density of the odorant. The density of an odorant molecule is specific to that molecule and therefore the S fr value for an odorant should also be unique [18] . This value can therefore be used to aid the deconvolution of signals arising from complex mixtures of odorant gasses.
Plotting S r and S f (Fig. 6a) using the data from Fig. 3 , shows that these values also follow a similar pattern to R and f, as expected if the f c and R 0 baselines are constant. Using the data for the QCM sensors, the partition coefficients, K, of the vapors into the polymer films could be calculated using the equation [25] :
where, f v and f s are the frequency changes due to vapor deposition in the polymer coating and polymer deposition on the bare QCM respectively, C v is the headspace vapor concentration and  is the density of the polymer. Plotting K against the RMM of the vapors shows that the partition coefficient values follow those of S r and S f .
Direct comparison of S f and S r (Fig. 6b ) reveals a linear relationship as the molecular mass of the alcohol increases, for alcohols where n > 2. The low values for methanol and ethanol can be accounted for by one of two explanations, namely, either that S f is overly small or S r is overly large. This in turn either suggests that either f is small, and the mass on the QCM is lower than expected, or that if R is large, and hence the polymer on the R sensor is more swollen than expected. The small size of methanol and ethanol molecules, and the tendency they have to form hydrogen bonds suggests a larger than expected R is more probable than a low value for f. These small molecules can easily penetrate the matrix of the polymer and form H-bonds with other alcohol molecules. Thus, it is possible that they can cause the polymer to swell, by forcing themselves into the cavities of a polymer, even if the polymer itself is generally hydrophobic and not inclined to form such bonds, as is the case with PE-co-VA. This will, in turn, cause the carbon black particles in the polymer to be separated to a greater distance than expected, abnormally reducing the conduction, and hence cause R to be high.
A plot of S fr for repeated introductions of 158 and 316 ppm ethanol to a PE-co- 
V. Conclusion
A technique for the discrimination of alcoholic odorant vapors is described that is concentration independent for small differences in concentration. The level of discrimination demonstrated here, in the detection of primary alcohols with a RMM difference of 14 a.m.u., suggests that the sensors are particularly sensitive. In this paper we extend our previous studies on two sensor electronic noses [18] but show, for the first time the presence of a linear response of the sensor pairs to the higher molecular weight alcohol vapours, and attempt to explain the non-linearity of the results for the low molecular weight vapours. If one of the sensors deviates from this linear response it is easily seen in the comparative plot (Fig 6b) . For example, the non-linearity of the low-molecular weight vapours is easily seen. This non-linearity is harder to detect if only one sensor system is used. Finally, the development of miniaturized sensor electronics indicates that further development of the device could reduce the dimensions to those required for a hand-held sensor system. The data for the non-coated QCM is given and adjusted to -f = 0 Hz.
Inset, QCM equivalent circuit where C, C 0 , L, and R correspond to capacitive, inductive, and resistive components of the circuit respectively. (1) and (2) from the data in Fig. 3 . 
